ABSTRACT: Introduction: The site of pathology in myasthenia gravis (MG) is the neuromuscular junction (NMJ). Our goal was to determine the ability to direct complement inhibition to the NMJ. Methods: A single-chain antibody directed against the alpha subunit of the acetylcholine receptor was synthesized (scFv-35) and coupled to decay-accelerating factor (DAF, scFv-35-DAF). scFv-35-DAF was tested in a passive model of experimentally acquired MG. Results: Administration of scFv-35-DAF to mice deficient in intrinsic complement inhibitors produced no weakness despite confirmation of its localization to the NMJ and no evidence of tissue destruction related to complement activation. Rats with experimentally acquired MG treated with scFV-35-DAF showed less weakness and a reduction of complement deposition. Conclusions: We demonstrate a method to effectively target a therapeutic agent to the NMJ.
mediated autoimmune disease, which fulfills strict criteria that define autoimmunity.
1,2 MG is caused primarily by antibodies directed against the skeletal muscle nicotinic acetylcholine receptor (AChR), which is concentrated on the postsynaptic surface of the neuromuscular junction. The antibodies produce a reduction in AChR number and damage the muscle endplate. This leads to failure of neuromuscular transmission and produces weakness that may be life-threatening. AChR antibodies of patients with MG are polyclonal and recognize a complex epitope repertoire that differs among individuals. The heterogeneity of AChR antibodies among patients is increased further by the variety of light-chain and heavy-chain use. The antibody synthesis is T-cell-dependent, and the epitope repertoire of AChR CD4
1 cells in MG patients is complex and characteristic of the individual. Due to extreme diversity of the immune response, specific suppression of autoantibody production is an elusive goal. 1, 3 Therapies for MG fall into 2 broad categories 4, 5 : those that focus on enhancing neuromuscular transmission by inhibition of cholinesterase, such as pyridostigmine; or agents that suppress or modulate the immune system, such as corticosteroids, azathioprine, tacrolimus, and mycophenolate mofetil. Acute exacerbations of weakness are usually treated with plasma exchange or intravenous immunoglobulins, which act primarily through removal of pathogenic antibody. All these treatments were developed after initial use in other disorders 6 and produce systemic adverse effects. The immunotherapies are not aimed at production of the specific autoantibody in MG, but rather general moderation of all immune responses, whether this occurs through reduction of autoantibody levels directly or indirectly through suppression of B-and T-cell activity. The approach described here attempts inhibition of a final effector mechanism of pathogenic AChR antibody.
The AChR-specific antibodies induce disease by 3 mechanisms: (1) blocking binding and activation of the AChR; (2) accelerating degradation of AChR molecules cross-linked by antibodies ("antigenic modulation"); and (3) mobilizing complement at the NMJ. [7] [8] [9] Autoantibodies are the only effectors of myasthenic pathology, as patients with MG do not have evidence of AChR-specific cell-mediated mechanisms of NMJ injury. 1, 10 Therefore, treatments focused on inhibiting antibody effector mechanisms are likely to work rapidly and be highly effective. Compromise of AChR function has not been found to be a major contributor to limitation of neuromuscular transmission.
1,2 Antibodies from most MG patients accelerate the degradation rate of the AChR in whole muscle tissue culture and cultured muscle cells. 11, 12 However, not all AChR antibodies are capable of antigenic modulation, because the epitope location on the AChR surface restricts antibody ability to cross-link a second AChR molecule. Therefore, complementmediated injury is the primary mechanism for pathology of the NMJ in MG.
The autoantibodies that bind to the AChR can activate the complement cascade and produce lysis of the NMJ through insertion of the membrane attack complex (MAC). The NMJs of skeletal muscle are protected from complement attack by specific cell-surface complement-regulatory proteins. 13 Decay-accelerating factor (DAF or CD55), CD59, and membrane cofactor protein (complement receptor 1-related gene/protein y is the rodent analog) reduce the activation of complement through various pathways. [14] [15] [16] [17] [18] The role of DAF as a complement regulator is to accelerate the decay of autologous C3 and C5 convertases. We assessed the ability to target DAF to the NMJ and thereby reduce the damage produced by complement activation. Concentrating DAF to the cell surface by a fusion protein including an antibody binding domain has been demonstrated to be effective in inhibiting complement-mediated lysis. 19 Eculizumab, the only complement inhibitor available for human use, demonstrated signs of efficacy in a small, pilot study of patients with severe MG, and thus there is some support for complement inhibitor-based therapeutic approaches for MG. 20 However, to date, all inhibitor strategies have led to systemic inhibition of complement. Here we describe an approach that couples the complementinhibitory domains of the DAF molecule to a singlechain antibody that binds the AChR. We used the single-chain antibody as a control to assess whether blocking pathogenic antibody binding could contribute to a treatment effect. The expectation was that concentration of complement inhibition to the site of pathology could enhance efficacy without compromising neuromuscular transmission. 10, 24, 25 Constructs were produced with an IgG signal peptide. To attach the DAF domains, we utilized the C57Bl/6J for RNA and PCR to clone the 4 extracellular complement control protein modules of 255 amino acids and produced the scFv-35-Daf (Fig. 2) . We cloned all constructs into the pIRES2-AcGFP1 vector (Clontech, Mountain View, California). This vector allows expression of 2 separate proteins, 1 green fluorescent protein (GFP) and the other protein of interest, rather than a single fusion protein, which limits concerns regarding the risk of loss of biological activity of the protein of interest.
METHODS
Transfection into BHK-21. BHK-21 cells, derived from P1 hamster kidneys, were grown in 100-mm dishes containing 10 ml of Eagle minimum essential medium supplemented with 10% fetal bovine serum and antibiotics (growth medium). Transfection was performed with Lipofectin (Invitrogen, Carlsbad, California), following the manufacturer's protocol. Briefly, cells were plated at 1 3 10 5 on a 60-mm dish in growth medium, minus the antibiotics, the day before transfection. The following day, DNA was prepared by adding 2 lg of construct (IgG-scFv-35 and IgG-scFv-35-DAF) to Opt-MEM (Invitrogen) and combining it with the Lipofectin solution. The resulting solution was added to cells and incubated for 24 h at 37 C. Stable transfected cell lines were selected using G418 (200 lg/ml) in growth medium. Positive cells were detected by expression of GFP. Clones were selected and expanded in growth medium supplemented with G418. Cells were placed in serum-free and proteinfree growth medium for collection of secreted recombinant protein. Collected medium was purified by Antibody Research (St. Charles, Missouri), and the resulting recombinant protein was analyzed with 12% sodium dodecylsulfate sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by detection with Coomassie Blue G-250 (Bio-Rad, Hercules, California). For analysis of localization of scFv-35 to the neuromuscular junction, the diaphragms of mice were analyzed. Cryosections of diaphragm at 10 lm were stained with Alexa 488-labeled anti-rat IgG (Molecular Probes) and Alexa 594-labeled bungarotoxin (BTX) for identification of NMJs. For analysis of EAMG-induced rats treated with scFv-35 and scFv-35-DAF or PBS controls, diaphragm tissues were cryosectioned at 10 lm and stained for membrane attack complex (MAC) deposition. Briefly, rabbit polyclonal anti-complement 5b-9 (Calbiochem) diluted 1:100 was incubated on sections for 1 h. Alexa 488-labeled anti-rabbit IgG (Molecular Probes) was used to detect MAC and Alexa 594-labeled BTX was used to identify NMJs.
The sections were viewed with a fluorescence microscope (BX50; Olympus, Center Valley, Pennsylvania), and digital images were captured with a Spot camera (Diagnostic Instruments, Sterling Heights, Michigan) and analyzed with ImagePro software (Media Cybernetics, Silver Springs, Maryland). Adobe Photoshop and Illustrator (Adobe Systems, Inc., Seattle, Washington) software programs were used to prepare the figures. All BTX-stained junctions in 9-12 randomly selected fields were counted, and MAC immunoreactivity of these junctions was determined. Pixel density measurements were used to quantitate fluorescence at the neuromuscular junctions. A total of 80 NMJs were analyzed in each group. The percent of endplates with specific pixel density was expressed in a histogram.
Statistical Analysis. The data were analyzed and tested for statistical significance using paired Mann-Whitney U-tests. P < 0.05 was considered significant. 
Daf1
2/2 mice were stained with anti-MAC and detected with Alexa 488-conjugated anti-rabbit IgG. Alexa 594-conjugated a-BTX identifies the NMJs.
Recombinant protein was collected in serum-free and protein-free medium. SDS-PAGE gel was run to confirm size and purity of scFv-35-DAF (Fig. 3A) . The recombinant protein is 529 amino acids with an expected size of 57.7 kDa.
Complement Inhibition of scFv-35-DAF. We performed a serial dilution to assess the ability of scFv-35-DAF to inhibit lysis of sensitized sheep red blood cells. The scFv-35 alone had no demonstrable effect on inhibition of cell lysis. The scFv-35-DAF inhibited cell lysis by 76.61 6 3.89% at a concentration of 100 nM (Fig. 3B) and an estimated CH50 of 9 nM.
Evaluation of Toxicity of scFv-35-DAF. Administration of an antibody directed toward the AChR carries the risk of blocking neuromuscular transmission and potentially activating complement. We utilized C57Bl/6 mice and mice deficient in both CD59ab and Daf1, which have demonstrated severe, complement-mediated weakness within 24 h of EAMG induction. 28, 30, 31 Injection of scFv-35 into C57Bl/6 and CD59ab
2/2

Daf1
2/2 mice showed no observable pathology. The mice maintained strength and mobility over the 24-h period.
We were able to demonstrate that, at 24 h, scFv-35 ?A3B2 thyc?> localized to the NMJ in the C57Bl/6 and CD59ab
2/2
Daf1
2/2 mice (Fig. 4) . Furthermore, the NMJs of CD59ab
animals showed no evidence of MAC formation (Fig. 4) .
Therapeutic Effect of scFv-35 and scFv-35-DAF.
After 24 h of EAMG induction, PBS-treated and scFv-35-treated rats began to show weakness, which was not evident in the scFv-35-DAF-treated rats (Fig. 5) . By 48 h, vehicle-and scFv-35-treated rats had become profoundly weak (clinical scores of 3.4 6 0.55 and 3.4 6 0.89, respectively) to the point of requiring euthanasia, whereas scFv-35-DAFtreated rats had developed only moderate weakness (clinical score of 2 6 0, P < 0.01 compared with both scFv-35 and PBS; Fig. 5) . All animals were then killed for histological analysis. Quantitative analysis of complement deposition demonstrated significantly less MAC deposition at endplates of scFv-35-DAF-treated animals (mean 1226 6 610 pixel density) compared with both vehicle-and scFv-35-treated rats (mean 1611 6 644 pixel density and 1979 6 453 pixel density, respectively; P < 0.01 compared with scFv-DAF treated), whereas scFv-35-treated rats had a marginally higher degree of complement deposition compared with vehicle-treated rats (Fig. 6) . Consistent with the better clinical outcome, AChR density was significantly greater in the scFv-35-DAF-treated rats (mean 3208 6 953 pixel density) than scFv-35-treated and vehicle-treated rats (means 1489 6 865 pixel density and 1128 6 716 pixel density, respectively; P < 0.001 compared with scFv-35-DAF).
DISCUSSION
In this study we have demonstrated the feasibility of concentrating a therapeutic agent at the NMJ without producing neuromuscular blockade or activation of complement. The scFv-35 was produced from the well-characterized McAb-35, which is known to bind the main immunogenic region on the extracellular surface of the rat a-subunit of the AChR. We confirmed that the scFv-35 localized to the NMJ and is stable for 24 h. Despite scFv-35 binding to the junction, c57Bl/6 and complementdeficient mice demonstrated no weakness. This indicates that the AChR can be used as a target to concentrate therapeutics to the NMJ (Fig. 7) . We showed that the scFv-35-DAF constructed inhibited complement-mediated lysis of sheep red blood cells in vitro, whereas the scFv-35 itself had no such inhibitory activity. Despite using CD59ab
mice, which are highly susceptible to complement activation by antibody, 28, 30, 31 there was no immunohistochemical evidence of complement activation. The scFv-35 was engineered to lack the Fc portion, and we did not expect it to activate complement. In both mice deficient in intrinsic complement inhibitors (data not shown) and Lewis rats, we found the scFv-35-DAF moderated passive EAMG severity with reduced weakness, lessened MAC deposition, and preserved AChR density. Our findings are most likely explained by the complement-inhibitory effect of the scFv-35-DAF. We found the half-maximal inhibitory concentration (IC50) for scFv-35-DAF to be 9 nM, whereas scFv-35 alone did not inhibit complement. The IC50 compares favorably with that of eculizumab, the only complement inhibitor in clinical use, which is estimated to be in the range of 1-290 nM. 32, 33 We did not completely ablate the effects of EAMG, but only a single dose was evaluated. Optimization of dosing would be expected to improve efficacy, and, as with other therapeutics for human MG, repeat dosing would be required. Another limitation of our study is that we chose to treat animals with the scFv-35-DAF prior to EAMG induction to optimize the potential to detect a treatment effect. Further studies are required to assure that scFv-35-DAF can reduce EAMG severity after induction of disease.
Antigenic modulation, which occurs through cross-linking of AChR by the bivalent antibody and thereby increases internalization of receptor, contributes to reductions of AChR density and consequent development of weakness. [1] [2] [3] [4] Based on previous studies, monovalent AChR antibodies have not been demonstrated to induce disease and therefore there was an expectation that the scFv-35 would not induce weakness. As expected, the scFv-35 did not produce weakness in the CD59ab EAMG induced by the whole antibody. 35 We have limited evidence that any blockade of pathogenic antibody occurred in this experiment. The scFv-35 produced no moderation of disease severity and did not reduce complement activation, which could have been expected if the scFv-35 reduced pathogenic antibody binding with subsequent complement activation. The addition of the DAF domains to the scFv-35 could conceivably produce a blocking effect, but given the demonstration of reduced MAC deposition, it is most reasonable to consider the complement-inhibitory effect to be primary. Surprisingly, administration of scFv-35 to rats with EAMG produced a moderate increase in complement deposition and a reduced AChR density compared with EAMG rats given PBS alone. We are unaware of any antibody directed to the AChR that leads to activation of the ion channel, 10 and there is none for the McAb-35 itself. Therefore, we do not believe svFc-35-DAF could have an agonist effect.
Blockade of AChR function could contribute to weakness, 36 which led to significant concern that the scFv-35 could produce weakness. There was no evidence that the scFv-35 blocked channel function; however, we did not perform electrophysiological studies to assess subclinical compromise of neuromuscular transmission. Both mice and humans share the property of a high safety factor for neuromuscular transmission, 37 and therefore small effects of scFv-35 and scFv-35-DAF on transmission would not have been identified by behavioral evaluations. However, even in animals with EAMG, scFv-35 and scFv-35-DAF did not worsen disease.
Although intravenous immunoglobulin treatment may moderate the severity of human MG and EAMG, 38 it is unlikely that our findings can be explained only by infusion of immunoglobulin. First, scFv-35 had no effect on EAMG severity. Second, intravenous immunoglobulin appears to moderate EAMG by anti-idiotype mechanisms, which is unlikely to have occurred in our experimental paradigm. 38, 39 Finally, a study of intravenous immunoglobulin utilized a dose of 0.4 g/kg per rat, which is about 200 times the dose of scFv-35-DAF used in our study. 40 As a complement inhibitor, we utilized the regulatory region of DAF, which is composed of 60-amino-acid-long repeating domains and acts efficiently on both the classical and alternative pathways. 41, 42 In DAF, 4 of these complement control repeats (CCPs) are suspended above the surface membrane. In a series of experiments, we and others have demonstrated that mice deficient in Daf and another cell surface complement inhibitor, CD59, are extremely susceptible to EAMG, [28] [29] [30] [31] which suggests that the DAF-inhibitory domain could function effectively in disease moderation, as demonstrated in this report. One investigation 43 described construction of a single-chain antibody directed at the AChR coupled to DAF, which also was found to concentrate to the NMJ; however, the investigators did not evaluate for therapeutic efficacy in animals. Linking CCP domains of DAF to a viral vector has been successful in delivering DAF to the cell surface, leading to protection from complement-mediated injury. 44 Delivery of DAF to the cell surface of erythrocytes protects them from complement-mediated lysis. 45 Coupled with the present investigation, these studies support the use of DAF-based constructs as therapeutic complement inhibitors.
Complement inhibitors are in their developmental infancy, 46 but they are a subject of intense interest. 47 Presently, only 1 first-generation inhibitor, eculizumab, is FDA approved for paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome. Eculizumab also carries the distinction of being the most expensive medication on the market. 48 Development of more advanced complement-based therapeutics will likely to be refined to focus inhibition on specific steps of the activation cascade tailored to specific pathology as well as enhancing potency. Here we have demonstrated the feasibility of concentrating complement inhibition to a site of pathology, which is an additional refinement needed for complement therapy development.
